Objectives: This study examines the intrapatient variability in peak instantaneous left ventricular outflow tract (LVOT) gradients and aortic pulse pressures during rest, exercise, and after ventricular ectopy.
| BACKGROUND
Hypertrophic cardiomyopathy (HCM) is a common genetic disorder associated with a diverse family of sarcomere and related protein mutations, and a variable phenotypic presentation and clinical course. 1 The hypertrophic changes induce a spectrum of hemodynamic alterations and have been categorized by the presence or absence of dynamic left ventricular outflow pressure gradients observed at rest or with provocation. [1] [2] [3] [4] Left ventricular outflow tract (LVOT) gradients ≥30 mmHg are considered significant predictors of morbidity and mortality in patients with HCM, and in the absence of significant resting gradients, exercise provocation is advised. 1, 5, 6 LVOT pressure gradients are most often measured noninvasively by Doppler, 1, 5, 7, 8 but in some patients with eccentric mitral regurgitation accurate measurement is challenging and invasive measurement may be required. Invasive LVOT gradients are also evaluated during alcohol septal ablation procedures. 9, 10 Invasive exercise LVOT gradient measurement is impractical for most catheterization laboratories. Invasive provocation methods include Valsalva maneuvers, isoproterenol infusion, and the postpremature ventricular contraction (PVC) responses to induced or spontaneous ventricular ectopy. Of these, post-PVC hemodynamic response remains a cornerstone for invasive assessment.
In 1961, Brockenbrough et al. reported that PVC provocation was a useful technique for differentiating fixed from dynamic left ventricular outflow obstruction. 11 In patients with fixed outflow tract lesions (e.g., aortic and discrete subvalvular stenosis), they observed that pulse pressures (PP) increased with increased LV systolic pressure (LVPs) in post-PVC beats. In contrast, in HCM patients with dynamic LVOT obstruction, PP narrowed paradoxically (10 of 11 patients) or did not increase (one patient) as LVPs increased. Subsequently, these observations were confirmed in a larger group of HCM patients (N = 64). 12 Thus, the failure to augment or a decrease in the arterial pulse in the post-PVC beat was established as a signature hemodynamic feature of HCM, a.k.a. the Brockenbrough-Braunwald-Morrow (BBM) sign, but the dynamic nature of outflow obstruction results in significant variability in these responses. 12 No information is provided in the current HCM practice guidelines 1 or recent reviews [13] [14] [15] that defines the sensitivity or specificity of BBM sign for eliciting clinically significant LVOT gradients or compares this provocation with gradients induced by other provocations.
Spontaneous variation in the LVOT gradient is a hallmark feature of HCM and may cause incorrect classification of the severity of obstruction in a significant number of patients. 9, 16 To better define LVOT gradient variability and the variability of the BBM sign in HCM, we reviewed continuously recorded multi-sensor, high-fidelity waveform data from archived cardiac catheterization records of a single HCM patient with frequent ectopic beats both at rest and during supine exercise. It was reasoned that this would control for phenotypic variability and provide sufficient data for descriptive statistics to assess PP and LVOT variation.
| PATIENT
A 32-year-old active duty male soldier presented for dyspnea on exertion, lightheadedness, and chest pain. On examination, his blood pressure was 110/70 mmHg and his pulse regular with a rate of 100 bpm. 
| DATA ANALYSIS
The data are presented as mean AE standard deviation. A two-tailed paired t-test was employed to assess changes between pre-ectopic and post-ectopic sinus beats. Beat-to-beat sinus waveform variability was compared to pre-and post-ectopic beat hemodynamic changes and beats with significant sinus arrhythmia using a one-way analysis of variance (ANOVA). Linear regression analyses were performed to assess the strength of association between changes in PP and LVOT gradient and to characterize energy transfer losses between the LV cavity (LVPs) and the aorta (AoP PIG ). P-values <0.05 were considered significant. Sigma Plot (version 12.5) and Microsoft Excel 2010 were used for statistical and graphic analysis. was less than observed following ectopy at rest (P < .001). In post-PVC Results suggest that the forces associated with the BBM sign variability may be similar to sinus beat-to-beat variability. Additionally, sinus arrhythmia with prolongation of RR interval produced changes similar to those observed with the BBM sign, but were of lesser magnitude (Appendix supplement Table S1 ). 
| DISCUSSION
In this study, we examined the variability in the peak instantaneous LVOT gradient and BBM sign in a symptomatic active duty soldier with HCM. This patient had a resting gradient in sinus rhythm >30 mmHg that increased to >50 mmHg during supine submaximal exercise. His resting sinus arrhythmia and frequent, isolated PVCs during rest and exercise created a unique opportunity to accurately assess gradient variability and postectopic hemodynamic changes from invasive multisensor, high-fidelity raw hemodynamic data.
It has long been known that in HCM patients outflow tract obstruction is "notable for spontaneous variability"; 12, 17 however, the clinical significance of this variability is generally underappreciated. 16 A recent study from the Mayo Clinic reported that 50% of an HCM cohort referred for invasive hemodynamic evaluation or percutaneous septal ablation had fluctuations in LVOT gradients "to the degree that their classification as severe versus non-severe obstruction varied during a single study". We hypothesize that this relationship is a patient-specific function, and that it could be derived from careful analysis of multiple beats in the resting state. If validated by further research, such a function could be used to predict the maximal exercise LVOT gradients from the measurement of variability in resting hemodynamic data.
While it is known that LVOT gradients increase with post systolic potentiation the relationship with the beat-to-beat variability across hundreds of beats has not been previously reported. Present guidelines for HCM therapy use a binary gradient cutoff value based on the pivotal population-based research from Maron et al. 5 . Our research suggests that a more continuous function for predicting the maximal potential pressure loss in each patient might further improve classification of obstructive HCM patients and optimize therapy.
Other investigators have proposed using the BBM sign to further classify HCM patients when invasive resting LVOT gradients are 
| CONCLUSION
In summary, this case provided a unique opportunity to study invasive, postectopic hemodynamic changes during rest and supine exercise, and reminds us of the complex pathophysiology of HCM. Our study suggests that computer-assisted analysis of hemodynamic variability in HCM may prove useful in characterizing the severity of obstruction.
Opportunities remain for improving diagnostic criteria for the assessment of these challenging patients. 
